Objective-To investigate transthoracic Doppler echocardiography in the identification of coronary artery bypass graft (CABG) flow for assessing graft patency. Design-The initial study group comprised 45 consecutive patients with previous CABG undergoing elective cardiac catheterisation for recurrent ischaemia. The Doppler variables best correlated with angiographic graft patency were then tested prospectively in a further 84 patients (test group). Setting-Three tertiary referral centres. Interventions-Flow velocities in grafts were recorded at rest and during hyperaemia induced by dipyridamole (0.56 mg/kg/4 min), under the guidance of transthoracic colour Doppler flow mapping. Findings on transthoracic Doppler were compared with angiography. Main outcome measures-Feasibility of identifying open grafts by Doppler and diagnostic accuracy for Doppler detection of significant (> 70%) graft stenosis. Results-In the test group the identification rate for mammary artery grafts was 100%, for saphenous vein grafts to left anterior descending coronary artery 91%, for vein grafts to right coronary artery 96%, and for vein grafts to circumflex artery 90%. Coronary flow reserve (the ratio between peak diastolic velocity under hyperaemia and at baseline) of < 1.9 (95% confidence interval 1.83 to 2.08) had 100% sensitivity, 98% specificity, 87.5% positive predictive value, and 100% negative predictive value for mammary artery graft stenosis. Coronary flow reserve of < 1.6 (95% CI 1.51 to 1.73) had 91% sensitivity, 87% specificity, 85.4% positive predictive value, and 92.3% negative predictive value for significant vein graft stenosis. Conclusions-Transthoracic Doppler can provide non-invasive assessment of CABG patency. (Heart 2001;86:424-431) Keywords: blood flow; coronary artery disease; coronary artery bypass graft; echocardiography Over 400 000 patients undergo coronary artery bypass graft (CABG) surgery in the USA each year.
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1 Long term graft patency is the major factor limiting the initial clinical benefits of revascularisation and patient survival. [2] [3] [4] Cardiac catheterisation remains the reference standard for graft patency, but its invasive nature limits its routine use. Results provided by non-invasive techniques such as exercise testing, 5 6 thallium scintigraphy, [7] [8] [9] or exercise echo 10 11 are often diYcult to interpret in such patients, who may have chest pain unrelated to myocardial ischaemia, ischaemia unrelated to graft obstruction, or a preexisting patchy infarction pattern. Echocardiography has been used previously in an attempt to visualise CABG flow by a transcutaneous approach. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Identification of an internal mammary artery to left anterior descending coronary artery anastomosis has been reported by various investigators, with success rates ranging from 61% to 100%. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] However, data on the identification of saphenous vein grafts using transthoracic echo Doppler are lacking. Our aim in this study was to investigate the clinical applicability of transthoracic Doppler echocardiography for identifying flow within the internal mammary artery and saphenous vein conduits, to define the normal and abnormal Doppler velocity flow patterns, and to determine the accuracy of the technique in predicting graft patency.
Methods

STUDY PATIENTS
The overall protocol was to examine graft patency by catheterisation and transthoracic echo Doppler in an initial cohort of 45 patients (study group), in order to establish criteria for identifying graft flow and the Doppler indices suggesting significant graft stenosis. These criteria were then tested prospectively in a further group of 84 patients (test group).
The initial group of 45 consecutive patients (35 men and 10 women, mean (SD) age 62 (12) years) were scheduled for coronary angiography because of recurrent angina or silent ischaemia occurring at least one year after previous CABG. One patient was excluded because of poor transthoracic Doppler imaging. The mean interval from operation to investigation was 4.9 (1.1) years. Twenty eight patients (62%) had a previous myocardial infarction. Most patients had hypertension, diabetes mellitus, or hypercholesterolaemia. Overall, 102 grafts were constructed: 36 left internal mammary artery to left anterior descending coronary artery, three right internal mammary artery to right coronary artery, eight saphenous vein to left anterior descending coronary artery, 33 saphenous vein to right coronary artery, and 22 saphenous vein to circumflex artery branches. The Doppler cut oV points indicating stenosis in the internal mammary artery and saphenous vein grafts in this initial study group were then tested prospectively in a further cohort of 84 consecutive patients (the test group). The criteria for enrolment were the same as before. All patients in the test group had a suYcient acoustic window.
The hospital's ethics committee approved the study protocol. All patients gave written informed consent to both the invasive and the echocardiographic procedures.
ECHOCARDIOGRAPHY
We used multifrequency transducers allowing on-line switch of frequency separately in cross sectional and colour Doppler, connected to Acuson Sequoia C 256 echocardiographic equipment (Acuson, Mountain View, California, USA). For detection of internal mammary artery grafts we used a 5-7 MHz frequency for cross sectional imaging and 3.5-5.0 MHz for colour Doppler. For detection of saphenous vein grafts we used a 3.5-6.0 MHz cross sectional frequency and a 2.5-3.5 MHz frequency for colour Doppler. Filters and gain setting were properly adjusted to minimise the signal to noise ratio. A colour flow bidirectional map was used; the initial velocity range was set at ± 24 cm/s for internal mammary artery flow and ± 9.6 cm/s for saphenous vein graft flow. The Doppler scale limits were subsequently adjusted to optimise the Doppler spectral recording.
To detect internal mammary artery flow, the transducer was placed on the left or right supraclavicular area with the patient in the supine position. The subclavian artery was first imaged in a longitudinal plane at the level of the origin of the vertebral artery. Ninety degree clockwise rotation was made to visualise the origin of the internal mammary artery, a tubular structure ( fig 1A) with downward directed flow. Once the position of the internal mammary artery was identified, intraluminal flow signals were obtained using pulsed Doppler (fig 1, B and C). Ultrasound measurements were made using internal software, with appropriate correction for the angle of insonation.
For the detection of saphenous vein grafts, patients were initially examined in the left lateral position from a modified parasternal window. Long axis images of the ascending aorta were first obtained, and the area anterior to the right ventricular outflow tract was carefully examined using combined cross sectional and colour flow mapping. We used a bidirectional colour flow map to distinguish flow signals directed to the anterior aspect of the heart (typically grafts to the right coronary artery) from those directed posteriorly (usually grafts to the circumflex artery). Identification of a bimodal (systolic/diastolic) flow typical of CABG on pulsed wave Doppler allowed us to distinguish between grafts and nonanastomosed thoracic vessels. Inability to demonstrate such bimodal flow by colour Doppler might indicate either an occluded graft or imperfect visualisation; for the purpose of this analysis we considered it to indicate an occluded graft in all cases.
The surgeons at our medical centres generally place right coronary artery bypass grafts anteriorly on the aorta, towards the right side, approximately 2 cm above the right coronary ostium; the mid portion of the graft usually lies on the anterior aspect of the right ventricle. Saphenous vein grafts to the left anterior descending coronary artery and its branches are placed on the anterior aorta towards the left, above the level of right coronary artery grafts. Saphenous vein grafts to circumflex branches are placed above and laterally to the left anterior descending coronary artery graft on the aorta. The proximal portion of saphenous vein grafts to the right coronary artery can be visualised by placing the probe initially 1-2 cm lateral to the left sternal border in the second to fourth interspace (to visualise the right ventricular outflow tract) and by then moving the probe 1-3 cm rightward and tilting it anteriorly. The mid portion of the right coronary graft can usually be visualised with the patient in the right lateral decubitus position, placing the probe 1-2 cm lateral to the right sternal margin in the fourth to sixth right intercostal space (fig 2) . Saphenous vein grafts to the left anterior descending coronary artery are usually imaged with the probe placed 1-3 cm lateral to the left sternal margin in the second to fourth interspace with the patient in left lateral position. The proximal portion of grafts to the circumflex artery is generally placed more lateral to the aorta (that is, more to the left) and it can be imaged by placing the probe in a more leftward and cranial position, whereas the mid and distal portions generally cannot be visualised because of their retrocardiac position.
Diastolic and systolic peak blood velocities and their velocity time-integrals and ratios were measured by tracing out the contour of the Doppler velocity tracing. Values for each parameter were obtained at baseline by averaging measurements from five to seven consecutive cardiac cycles. As a first step we preferred to obtain baseline information from internal mammary artery grafts, and then move to the detection of saphenous vein grafts. Once the baseline Doppler flow velocities had been obtained from all grafts, dipyridamole (0.56 mg/kg) was given over four minutes and flow velocity in each graft was recorded over the eight minutes following the infusion. During the infusion the transducer was generally kept steady at the site of interrogation of one vein graft, moving subsequently to the other vein grafts; finally internal mammary artery graft flow was assessed. The highest velocities recorded were used in the further analyses. The flow velocity reserve of the graft was calculated as the ratio of the hyperaemic to baseline peak diastolic flow velocity, as in previous studies. [20] [21] [22] [23] [24] [25] All echocardiograms were performed before cardiac catheterisation by an observer blinded to the clinical data. All studies were continuously recorded on S-VHS videotape and significant portions captured in still frames and digitally stored.
Heart rate and blood pressure were monitored throughout the study. After completion of the examination, 120-240 mg theophylline were given intravenously. Patients were monitored in the echocardiology laboratory or on the ward for one hour after the study had been completed. No complications were observed.
Intraoperator and interoperator reproducibility of Doppler diastolic data acquisition was assessed, repeating baseline measurements in 10 internal mammary artery grafts and 10 vein grafts. For this purpose evaluation was performed by the same operator and by two diVerent operators, respectively, on two separate occasions 2-4 hours apart. Interobserver variability in measurements was determined by having a second independent observer remeasure the stored Doppler velocity recordings in 20 randomly selected patients. We assessed intraobserver variability by having one observer repeat the measurements on spectral curves one month apart in 20 patients. For concordance between Doppler detection of graft flow and angiographic demonstration of patency, we found 100% agreement for internal mammary artery grafts. The concordance between Doppler and angiography for saphenous vein grafts was rather low because of missed visualisation of some open grafts, and also because of misinterpretation of flow signals from thoracic vessels as flow originating from grafts which were subsequently found to be occluded at angiography. In the test population, agreement between Doppler and angiography increased to 100% for internal mammary artery grafts, 91% for saphenous vein grafts to the left anterior descending coronary artery, 96% for saphenous vein grafts to the right coronary artery, and 90% for saphenous vein grafts to the circumflex artery. These results are shown in table 3. At baseline none of the Doppler indices considered in patent grafts was significantly diVerent from stenotic grafts, regardless of graft stenosis. After dipyridamole an increase in both systolic and diastolic peak velocities and velocity-time integrals was observed in all grafts, but in non-stenotic grafts the increase in diastolic velocity flow indices was significantly greater and this led to a decrease in the systolic:diastolic ratio. Unfortunately, the large scatter in this variable hindered an accurate prediction of graft patency status. The best correlation with graft stenosis was observed for diastolic flow reserve. The best cut oV point in velocity flow reserve was 1.9 (95% confidence interval (CI) 1.83 to 2.08).
BLOOD FLOW PATTERNS IN SAPHENOUS VEIN
GRAFTS
In saphenous vein grafts the velocity flow profile was similar to that found in internal mammary artery grafts although the velocities recorded were significantly lower (table 3) . None of the baseline indices could discriminate between patent and stenotic grafts. After dipyridamole infusion there was a significant increase in diastolic flow velocity in patent grafts, which led to a decrease in systolic:diastolic ratio both for peak velocity and velocity-time integral (table 3) . As with internal mammary artery grafts, the scatter in these data was very large, hindering accurate prediction of graft stenosis. The best correlation with graft patency status was observed for a flow reserve with a cut oV value of 1.6 (95% CI 1.51 to 1.73).
EVALUATION OF GRAFT PATENCY
Results for evaluation of graft patency are shown in table 4. In the test population angiography disclosed significant stenosis in seven of 59 non-occluded internal mammary artery grafts, five of 11 saphenous vein grafts to left anterior descending coronary artery, 21 of 50 saphenous vein grafts to the right coronary artery, and 19 of 39 vein grafts to circumflex branches. Adopting the cut oV values for flow velocity reserve found in the study population, transthoracic Doppler echocardiography showed 100% sensitivity, 98% specificity, 87.5% positive predictive value, 100% negative predictive value, and 98% accuracy for the detection of significant internal mammary artery graft stenosis. For saphenous vein grafts the global diagnostic accuracy was lower (89%), with 91% sensitivity, 87% specificity, 85.4% positive predictive value, and 92.3% negative predictive value for identification of significant graft stenosis. As for graft distribution, no significant diVerences were noted.
INTRAOBSERVER AND INTEROBSERVER
VARIABILITY AND REPRODUCIBILITY
As shown in table 5, intraobserver and interobserver variability in diastolic flow velocity variables on repeat measurement was low, whereas reproducibility of these measurements on repeat acquisition was good.
Discussion
In recent years non-invasive detection of coronary artery bypass graft flow has been carried out by some investigators using the transthoracic Doppler technique. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] This method, however, has not been widely applied clinically because of many technical problems concerning the detection and recording of bypass flow signals using the transthoracic approach. These are low velocity signals, originating from epicardial structures, moving together with the heart and often hidden by the pericardium and the left pleura. Artefacts and reverberations from the lungs and the thoracic wall represent further technical problems. In published reports, detection of graft flow by transcutaneous Doppler has been achieved for internal mammary artery grafts, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] right gastroepiploic artery grafts, 26 and, with more diYculty, saphenous vein grafts to the left anterior descending coronary artery, 15 but never for vein grafts to the right coronary or circumflex arteries. Chandraratna and colleagues recently reported a high rate of visualisation and measurement of flow velocity and reserve in saphenous vein grafts to the right coronary and circumflex arteries using multiplane transoesophageal echocardiography. 27 However, routine use of transoesophageal echocardiography is limited owing to its a semi-invasive nature.
Recent advances in echocardiographic technology have made possible the transfer of some of the advantages of transoesophageal echocardiography (high frequency probes, high frame rate, separate frequencies for cross sectional and Doppler analysis) to the transthoracic approach. To our knowledge this is the first paper validating a global assessment of CABG flow using a completely non-invasive approach.
ASSESSMENT OF INTERNAL MAMMARY ARTERY
GRAFTS
In our experience internal mammary artery grafts were detectable in all patients, in accordance with the findings of Ehrsam and colleagues, who reported a 100% detection rate of the ungrafted left and right internal mammary artery using the same echocardiographic system. 28 Crowley and associates reported that at baseline a systolic to diastolic peak velocity ratio of > 1 in internal mammary artery anastomosed to left anterior descending coronary artery predicted severe stenosis with a sensitivity of 100% and a specificity of 85% on transthoracic Doppler. 19 In our experience none of the baseline Doppler indices could discriminate between patent and stenotic grafts. This discrepancy may reflect diVerent surgical techniques (our surgeons do not ligate all the branches of the internal mammary artery) and diVerent sites of interrogation of the internal mammary artery. In general we assessed internal mammary artery flow in the proximal portion, where it retains the systolic predominance typical of the vessels of the thoracic wall, whereas more distally the diastolic component becomes prominent. It must be remembered that the internal mammary artery graft diastolic:systolic ratio changes from 0.6 proximally to 1.4 distally 29 ; accordingly, the diastolic:systolic ratios must be interpreted in relation to the internal mammary artery interrogation site. We prefer the supraclavicular approach in order to make localisation of the Doppler sample volume at baseline and under hyperaemia as reproducible as possible; using the parasternal approach the probe can be placed either proximally or distally to some of the internal mammary artery collaterals, making the assessment of internal mammary artery flow reserve more diYcult. Moreover, in patients with multiple grafts this approach allows a wide spatial separation between the sampling sites of internal mammary artery and saphenous vein grafts, making it easier to distinguish flow signals from diVerent grafts.
Our findings are consistent with some recent studies in which none of the flow indices derived from the baseline Doppler examination allowed a reliable diagnosis to be made in individual subjects because of the large overlap between the stenotic and non-stenotic grafts. [20] [21] [22] [23] [24] This may partly reflect the influence that side branches left unclipped at surgery may have on the blood flow velocity pattern. This problem should be overcome by the use of a vasodilating agent that acts predominantly on the myocardial microvasculature, minimising the confounding eVects of internal mammary artery collaterals on the Doppler velocity pattern. The value of flow reserve observed in our study is similar to that found by Pezzano and colleagues 20 and by Iliceto and associates, 30 who used dipyridamole, whereas a higher velocity flow reserve (mean 2.4) was found by Katz and colleagues in patent grafts using adenosine. 21 Low dose dipyridamole is likely to induce submaximal vasodilatation in the coronary microvasculature, leading to flow reserve values lower than those observed for adenosine. 31 In our experience low dose dipyridamole was preferable because of its longer vasodilating activity and the absence of hyperventilation; this was of great help when evaluating patients with multiple grafts.
ASSESSMENT OF SAPHENOUS VEIN GRAFTS
Saphenous vein grafts are more diYcult to identify than internal mammary artery grafts using transthoracic echocardiography, because their location is extremely variable depending on the surgical technique and the individual thoracic conformation. The success rate in achieving satisfactory saphenous vein graft imaging reported in the present study might seem exceedingly high and very diYcult to reproduce in everyday practice. Before undertaking this study we practised for a year, comparing echocardiography with images shot in the operating room, with the surgeons indicating the position of each graft before the chest was closed. Knowing the surgical technique is a great help in identifying the course of the vein grafts, which is pivotal to the transthoracic Doppler detection of saphenous vein graft flow. The diVerence in the detection rate of vein grafts between our study population and the subsequent test group shows the need for a learning period.
The flow profile in saphenous vein grafts was similar to that of internal mammary artery grafts, although all the velocity and flow reserve values were significantly lower. The lower velocities may reflect the larger diameter of the vein conduits, whereas the lower flow reserve may be explained by non-obstructive proliferative changes of the saphenous vein conduits. 32 Because in most of the patients only small portions of saphenous vein grafts could be visualised, it was very diYcult to obtain a longitudinal section of the graft in order to minimise the angle between the interrogating beam and the vessel. This represents a limitation in calculating maximum systolic and diastolic flow velocities and may explain the large scatter in the values obtained. However, because the sample volume location was the same at baseline and after dipyridamole, any Doppler alignment error should be cancelled out when the flow velocity reserve is calculated.
PREDICTION OF GRAFT PATENCY BY DOPPLER ECHOCARDIOGRAPHY
Flow reserve measurements were essential for assessment of the grafts because the mere presence of blood flow did not signify adequacy of the conduit. The observed negative predictive value of transthoracic Doppler was higher than that of other non-invasive techniques such as thallium tomography, whereas the overall accuracy was not superior to that observed with other methods. [7] [8] [9] There are many possible explanations for the somewhat low specificity observed in our population. Some patent grafts with a low flow reserve supplied myocardium that was partly scarred from previous infarction. Furthermore, many patients had hypertension, diabetes, and hypercholesterolaemia, all of which can impair coronary reserve in the myocardium supplied by a patent graft. [33] [34] [35] In five patients, significant stenosis in the recipient artery distal to the graft anastomosis was evident on angiography, and in four patients the distal runoV of the recipient coronary bed was poor. Under these conditions the vasodilating capacity of the recipient myocardium was probably reduced independent of any graft stenosis. In the light of these factors it is clear that transthoracic Doppler cannot be used on its own for a reliable assessment of graft stenosis. However, it does appear to predict impaired perfusion, whether from graft or native vessel stenosis or myocardial scarring. The excellent negative predictive value is helpful in excluding bypass graft and recipient artery problems, but in the presence of a blunt response the accuracy is not very good.
LIMITATIONS
Our study has several limitations. First, the relatively small study group and possible selection bias may have influenced the calculated sensitivity and specificity values for graft patency. In fact our patients had a high pretest probability of graft occlusion or stenosis. It is conceivable that specificity would have been higher in a lower risk population. However, it must be remembered that in this study predictive values were calculated for each graft and not for each patient. Furthermore, we designed the protocol to select optimal cut oV points in the study patients, and then tested these in the second group of patients, showing consistent accuracy.
A second limitation was that the assessment of absolute blood velocity might be limited in some patients by the large incident angle between the Doppler beam and blood flow. However, calculation of the flow reserve allows assessment of flow patterns without the need for absolute values.
Third, the velocity ratio was used as a surrogate of flow reserve: flow within the coronary bypass graft was not calculated because cross sectional visualisation of the graft did not allow an accurate measurement of the diameter of the conduit. The estimated flow reserve would be accurate if the bypass functioned only as a conduit and did not change its diameter during dipyridamole infusion.
Fourth, a functional variable such as the velocity flow reserve was compared with an "anatomical" finding such as graft stenosis, as evaluated at angiography. The limitations of coronary angiography and its poor correlation with functional stenosis severity are well recognised. 36 37 The interpretation of coronary flow reserve is hampered by the variation in normal values determined by the dependency on loading conditions, the influence of collateral blood flow, and the presence of many biological conditions (such as diabetes, hypertension, or haemorheological disorders) which can impair myocardial vasodilatation in the absence of obstructive coronary disease. [37] [38] [39] At present the gold standard technique for evaluating functional severity is the calculation of fractional flow reserve, which requires precise transstenosis pressure measurements. 40 For our purposes it would have seemed more appropriate to compare the estimated flow reserve by transthoracic Doppler with intracoronary Doppler flow reserve. This technique is not currently performed in our catheterisation laboratory; however, an excellent correlation between the transthoracic and intracoronary flow reserve has recently been reported for internal mammary artery grafts. 23 Fifth, although treatment was not changed in the interval between the echo and the angiographic studies, one cannot exclude the possibility that there might have been changes in the haemodynamics of some of the patients, with increased heart rate and blood pressure in the catheterisation laboratory. However, it seems unlikely that this would aVect the angiographic evaluation of graft status.
Sixth, the Doppler technique used is time consuming, and the high success rate achieved in imaging bypass graft flow by transthoracic Doppler results both from the use of digital ultrasound technology with a dedicated machine and from the expertise of the operators. Therefore, for the technique to be of any clinical value one would need very highly trained echocardiographers.
Finally, the success rate for Doppler identification of graft flow may be highest if the study is performed in the centre where the original surgery was undertaken, because echocardiographers know the position in which the grafts are likely to be found. Consequently this may limit the applicability in other instances where a patient is examined at a diVerent centre or where the precise surgical details are unknown.
CONCLUSIONS
Careful transthoracic cross sectional, pulsed, and colour Doppler examination can yield a completely non-invasive assessment of flow dynamics of internal mammary artery and saphenous vein grafts. Similar flow patterns are found within vein and internal mammary artery grafts, although vein velocities are generally lower. Absent bypass flow on echo Doppler was strongly predictive of graft occlusion at angiography. A significant increase in Doppler velocity under dipyridamole infusion accurately identified non-stenotic grafts, but a blunted response to dipyridamole could not distinguish between stenotic grafts and distal run oV problems. Thus, while this echo Doppler technique cannot be considered an alternative to cardiac catheterisation, the finding of normal graft flow and flow reserve may eliminate some unnecessary catheterisations.
Possible clinical applications of the technique may be the evaluation of intermediate stenosis (where calculation of fractional flow reserve is not available at the time of angiography), longitudinal follow up of patients with previous bypass grafts to improve timing of invasive evaluation and possible percutaneous intervention before graft occlusion occurs, identification of culprit lesions in the setting of symptomatic patients with multiple stenosis, and assessment of short term and mid-term results of angioplasty procedures on bypass conduits or on recipient coronary arteries. Moreover, assessment of bypass flow reserve could be combined with the evaluation of segmental wall motion abnormalities induced by dipyridamole, providing simultaneous information on both flow reserve and inducible ischaemia.
Further studies on larger populations are needed to validate the findings of the present study and to assess the clinical value of the technique.
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